Polyphosphate-accumulating gram-negative bacteria were isolated from different anaerobic-aerobic activated sludge systems with diverse processes for enhanced biological phosphorus (P) elimination. Of 22 isolates, 10 were allocated to the genus Acinetobacter by using multiple-test systems and soluble protein and polyamine patterns. As diaminopropane (DAP) appears to be the characteristic main polyamine compound produced by Acinetobacter spp., it was used as a biomarker for the genus. The high DAP contents of representative samples from municipal wastes with enhanced biological P elimination indicated that Acinetobacter spp. can be dominant organisms in sewage treatment plants with low organic loading and nitrification and denitrification steps. Contrary to accepted opinion, sludge from treatment plants with efficient P removal and high organic loading had a low DAP content, indicating that bacteria other than Acinetobacter spp. are responsible for enhanced biological P elimination in these plants.
Activated sludge subjected to alternate anaerobic and aerobic conditions in sewage treatment plants acquires the ability to store quite a bit more phosphorus (P) than required for normal growth (7) . According to Fuhs and Chen (14) , polyphosphate-accumulating bacteria of the genera Acinetobacter and Moraxella are responsible for this enhanced biological P elimination. Although Acinetobacter species have often been described as the principal phosphate-accumulating bacteria in anaerobic-aerobic activated sludge systems (for a review see, reference 33), other bacteria with polyphosphate granules have also been isolated or detected by electron microscopy (34) . Nevertheless, it remained unclear to what extent they would store phosphate in situ in sewage treatment plants, as their P accumulation was studied only in laboratory experiments with pure cultures.
To learn more about the presence of Acinetobacter spp. in sewage treatment plants and their role in enhanced biological P elimination, we isolated and identified bacteria with the ability to store high amounts of polyphosphates in their cells. Since numerical phenotypic studies yielded no definitive characters for the unambiguous identification of Acinetobacter spp. (8, 30) , we preferentially used polyamine analysis (11) for a polyphasic approach (28) , which is recommended for the class Proteobacteria, which includes most gramnegative bacteria (32) .
The polyamine diaminopropane (DAP) is the characteristic compound of Acinetobacter calcoaceticus (11) and 16 other species of this genus (24a) and generally makes up about 90% of the total polyamines. DAP offers itself as a biomarker because of its absence in the many non-Acinetobacter species screened so far in our laboratory (2, 3, 10, 11) and others (17, 19, 36 hand, the plants in Berlin-Marienfelde, Braunschweig, and Wyk have high biological oxygen demand sludge loading and no nitrification in the aeration tank. Media and growth conditions. The media (artificial sewage agar), isolation methods, and growth conditions used have been described previously (34) .
To allocate isolates to individual species within the genus Acinetobacter, some physiological studies were carried out as described by Bouvet and Grimont (9) . The mineral medium (pH 7.0) used for additional growth tests contained (per liter) 0.5 g of MgSO4, 0.5 g of (NH4)2SO4, 0. (24) . Tests for urease, P-galactosidase, and other enzymes, as well as certain substrate utilization tests, were carried out with the above-listed multiple-test systems. The oxidase test was carried out as described by Kovacs (26) . For Gram staining, the method of Drews was used (13) . The Gram reaction was checked alternatively by a test for the presence of the enzyme L-alanine aminopeptidase as described by Cerny (12) .
Mixed culture of isolated Acinetobacter strains and activated sludges. Pure Acinetobacter cultures isolated from diverse treatment plants were harvested from the late logarithmic phase of growth, diluted with growth medium, mixed with activated sludge as indicated in Table 2 , cultivated aerobically for 6 h, and then incubated anaerobically for 10 h. After this pretreatment, the biomass was harvested by low-speed centrifugation and suspended in artificial sewage medium supplemented with 0.5 g of sodium acetate per liter. After final aerobic cultivation for 3 h at 23°C, the total biomass was harvested for polyamine analysis and the supernatant was analyzed for phosphate.
Phosphate analysis. after extraction of the cells in perchloric-sulfuric acid at 2500C (15) . Polyphosphate analysis. The presence of inclusions of inorganic polyphosphates was determined by staining with toluidine blue and 4',6'-diaminidino-2-phenylindole hydrochloride. Element-specific electron microscopy was additionally used to confirm polyphosphate granules of pure cultures (34) .
Protein determination. Protein was determined by the method of Lowry et al. (27) .
Chemotaxonomic methods. Quinones were extracted and analyzed by thin-layer chromatography (4). The polyamines were extracted from lyophilized biomass of growing activated sludge samples or logarithmically growing pure cultures and analyzed by gradient high-performance liquid chromatography as described previously (11) . The pattern of soluble proteins was obtained by sodium dodecyl sulfatepolyacrylamide gel electrophoresis exactly as reported by Busse et al. (10) .
Microscopy. Samples used for transmission electron microscopy were fixed with glutaraldehyde (2%) and then, in certain cases, with osmium tetroxide; dehydrated; and embedded in Epon (16) .
Estimation of population structure. Estimation of population structure was based on the polyamine composition of the anaerobic-aerobic activated sludge and relied on published quantitative patterns of pure cultures. DAP is specific for members of the genus Acinetobacter (11, 24a, 25), 2-hydroxyputrescine is specific for members of the beta subclass of Proteobacteria and sym-homospermidine is specific for members of the alpha subclass of Proteobacteria (2, 3, 11) , whereas Pseudomonas spp. have a double peak of putrescine and spermidine (see Fig. 2 ). First the average polyamine values of each phylogenetic taxon listed in Table   3 were calculated from our data base. The relative amounts of the individual taxons in the sludge samples were then estimated from the measured amounts of the marker polyamines in relation to the average value, keeping in mind that only half of the sludge dry weight consisted of microbial biomass.
RESULTS
Polyphosphate-accumulating bacteria isolated from sewage treatment plants. A diverse morphological spectrum of polyphosphate-accumulating bacteria was present in municipal sewage treatment plants selected for enhanced biological P elimination by an anaerobic-aerobic activated sludge system. By using light or electron microscopy, unicellular, multicellular (filamentous), gram-negative, and gram-positive bacteria with polyphosphate granules were observed (Fig. 1) .
Twenty-two bacterial isolates screened for high polyphosphate accumulation were obtained by plating on artificial sewage agar. The capacities of the individual isolates for enhanced phosphate uptake, as measured in the standard assay (see Materials and Methods), varied considerably (Table 1) . In liquid cultures, the mean value at the stationary pha'se of growth was 90 mg of P per g of cell protein.
Depending on the substrate used and other environmental factors (35) , the intracellular P contents of some of the isolates increased to 200 mg of P per g of cell protein, a value which represented more than 10% of their total dry biomass.
Characterization of isolated bacteria. acteristic polyamine pattern of Acinetobacter spp. compared with those of other taxa of the class Proteobacteria. Generally, the isolates clearly allocated to the genus Acinetobacter displayed the highest intracellular P storage in batch cultures with acetate or lactate as the substrate.
Polyamines as biomarkers for Acinetobacter spp. in activated sludge. For evaluation of the biomarker approach, certain controls were set up prior to direct examination of sewage treatment plants. First it was necessary to demonstrate that the DAP contents of samples of activated sludge increased following heavy inoculation with pure cultures of Acinetobacter spp. There was a clear correlation between the increasing amounts of inoculum added to samples of activated sludge and the rise of the DAP concentration postinoculation compared with the values prior to inoculation. This enrichment of DAP in the sludge samples within the 18-h incubation period was observed irrespective of whether the municipal wastes examined came from plants with low or high organic loading (Table 2 ). In the experiment with sludge from Braunschweig, the percentage of DAP, related to total polyamines, increased more than 10-fold. With the two other sludges, it increased from below 20 to 80, thus reaching the DAP level of pure cultures. Since the highest polyamine content is always found in proliferating cells (5) , the change in the DAP concentration contrary to expectations (less with larger and more with smaller inocula) could be due to the fact that the smaller inocula underwent a longer period of growth. On the other hand, the amount of putrescine, the main polyamine compound in the three different sludge samples, decreased gradually upon inoculation with an increasing amount of Acinetobacter sp. strain Br-2, as expected. The phosphate accumulation within this incubation regimen corresponded roughly to the total accumulation of both the sludge sample and the added bacteria from the pure culture.
Surprising results were obtained when sewage treatment plants with anaerobic-aerobic activated sludge systems for enhanced biological P elimination from different towns in the Federal Republic of Germany were examined for DAP concentration (Table 3) . Municipal wastes from plants with high organic loading which eliminate P very efficiently (34) had nearly no DAP in the polyamine pattern (less than 10% of the total polyamines). However, activated sludge samples from sewage plants with low organic loading and moderate removal of P displayed considerably higher amounts of DAP, reaching more than 50% at maximum. DISCUSSION A great heterogeneity of bacteria with polyphosphate granules in their cells was obtained by using transmission electron microscopy (Fig. 1) . The isolation of polyphosphate-accumulating bacteria other than Acinetobacter spp. shows also that bacteria of different genera may be more responsible for enhanced biological P elimination in anaerobic-aerobic activated sludge than generally assumed (for a review, see reference 33).
The identification of our isolates Br-33, Ha-5, and Ha-6 as Pseudomonas sp. strains or of isolate Br-31 as Xanthomonas sp. correlated well with their polyamine patterns. Putrescine is dominant in Pseudomonas spp. Table 1) were clearly identified as members of the genus Acinetobacter by their extremely high DAP contents. They also possessed a protein pattern similar to that of coelectrophoresed taxonomically defined reference Acinetobacter strains. Differential allocation of these 10 isolates to individual species within this genus is very difficult to achieve by this technique, as a rather uniform protein pattern is encountered in the genus Acinetobacter (1; our unpublished data). The API 20NE multiple-test system or the biochemical features mentioned by Bouvet and Grimont (9) are also insufficient for this purpose. However, in this context it was more interesting to compare the individual phosphate-accumulating bacteria with regard to their sources of isolation. Either similar or different isolates may be present within the same treatment plant. The protein patterns of Acinetobacter strains varied either less (Br-1, Br-2, and Br-6) or more (Wy-1 and Wy-2) when isolated from the same plant. They were not identical when the isolates were from different plants.
With regard to phosphate-accumulating ability, their most interesting characteristic, the isolates were also heterogeneous. Our observation that this ability differed by a maximum factor of four between the strains listed in Table 1 will, we hope, draw attention to the individual bacterial capacity for enhanced biological P elimination in future research.
Enumeration of Acinetobacter spp. and other bacteria from activated sludge is difficult because it requires cell detachment, e.g., by physical disruption of the large cell clusters within sludge flocs (6), a treatment which may kill the more sensitive polyphosphate-accumulating bacterial species. It is also restricted by insufficiency or selectivity of any particular medium chosen for plating. Some of the polyphosphate-accumulating organisms, including most filamentous bacteria, are difficult to isolate because of their fastidious character. Such difficulties may be circumvented by analysis of biomarkers (quinones or fatty acids) which are representative for the phylogenetic or physiological bacterial group under study (20, 31) .
The results of our polyamine approach for in situ estimation of the relative amounts of Acinetobacter-like bacteria in different sewage treatment plants with enhanced biological P elimination demonstrated that DAP enrichment in a particular activated sludge was affected by the process mode used in the sewage treatment plant. Members of the genus Acinetobacter were enriched in the pilot plants with low organic loading and additional nitrification and denitrification steps. Our observation that Acinetobacter spp. constitute a major, if not a dominating, fraction of their total microbial flora does not agree with the findings of Hiraishi et al. that Acinetobacter spp. were a negligible factor in a laboratory scale anaerobicaerobic activated sludge system (22) . Obviously, the pilot plants fed with actual waste and the full-scale municipal plants studied here caused establishment of different population structures. On the other hand, we were able to show that members of the genus Acinetobacter represent only a minority of the population in sewage treatment plants with high organic loading and without nitrification and denitrification steps.
The distinct variation in the polyamine patterns of the bacteria in individual activated-sludge systems induced us to construct their population structure by estimating the amounts of the major gram-negative members of the respec-tive microflora (Table 3 ) by using the literature on published polyamine patterns of known reference strains. On the basis of the large amount of putrescine in the sludges with fewer Acinetobacter-like bacteria, the dominant organisms here could be authentic pseudomonads, which have a high amount of putrescine (10). The next major groups would be members of the beta subclass of Proteobacteria, represented by higher amounts of hydroxyputrescine and putrescine at a ratio of 1:2 (11), and members of the alpha subclass of Proteobacteria or of the Flavobacterium-Cytophaga complex, indicated by the presence of sym-homospermidine (11, 18) . However, the number of gram-positive bacteria and their possible contribution to enhanced biological P elimination remain unknown. According to Hiraishi (21) , the bulk of the microflora in municipal and industrial wastes consists of gram-negative bacteria whereas the gram-positive bacteria represent only one-quarter of the population. However, no sludge from a treatment plant with enhanced biological P elimination was examined in his study.
